effective as P 3 3− transfer agents, and when combined with an E 3+ source (E = P, As, Sb), we have shown that access to P 4 , AsP 3 , and SbP 3 is possible. 3, [13] [14] [15] Specifically in the case where E = As, treatment of
[Na][P 3 Nb(ODipp) 3 ] (Dipp = 2,6 diisopropylphenyl) with 1 equiv of AsCl 3 affords AsP 3 in greater than 70% isolated yield as shown in Scheme 1, i. 3 This reaction provides the first solution-phase synthesis of an interpnictide As n P 4−n (n = 1 -3) tetrahedron.
Transition-metal chalcogenide chemistry provides us with a family of reactions bearing close relation to our synthesis of AsP 3 . Namely, treatment of Y 2 X 2 (Y = S, Se, Te; X = Cl or Br) with S 5 TiCp 2 results in formation of Y 2 S 5 and X 2 TiCp 2 . [16] [17] [18] The first example of such a reaction (Y = S, X = Cl) comes from a 1968 report by Schmidt and coworkers (Scheme 1, ii). 16 When Y = Se or Te, this reaction is an illustrative example of the solution synthesis of a heteroatomic interchalcogenide using transfer of S 5 2− from an early transition metal center to an M 2 2+ fragment; a close analogy to the solution synthesis of a heteroatomic interpnictide using transfer of P 3 3− from an early transition metal center to an As 3+ fragment.
The physical properties of AsP 3 have been probed by a variety of methods. AsP 3 readily sublimes under vacuum at 60 ºC and melts without decomposition at 72 ºC. 3 AsP 3 has been shown to be thermally stable in refluxing toluene solution for more than one week. 3 Raman spectroscopy obtained on solid samples of AsP 3 shows four resonances at 313 (a 1 ), 345 (e), 428 (a 1 ), and 557 (e) cm −1 , consistent with calculated stretching modes for this C 3v symmetric molecule. 3 High-resolution, electron-impact mass spectroscopy on a solid sample of AsP 3 has provided a mass of 167.8426 m/z. 3 A solution molecular weight determination of AsP 3 gives a molecular weight of 167 ± 5 m/z (95% confidence level) confirming that the molecule also exists in the monomeric form when in solution. Finally, phosphorus NMR spectroscopy shows a single sharp resonance at −484 ppm in benzene solution. 3 This shift is 36 ppm downfield of that for elemental phosphorus in the form of P 4 (discussed below).
Electronic Structure of AsP 3 .
The electrochemical profiles of AsP 3 and P 4 have been compared using cyclic voltammetry in THF solution ( Figure 1) . P 4 has a single broad reduction event with onset at −1.3 V vs Fc/Fc + . This is the only observable reduction feature in the P 4 cyclic voltammogram (CV) and possibly indicates formation of the P 4 radical anion followed by irreversible bond rupture. 19 Scanning cathodically, the CV of AsP 3 displays a similarly broad irreversible reduction event with onset at −1.0 V vs Fc/Fc + , which likely is a result of the more easily generated AsP 3 radical anion followed by bond rupture. The earlier onset of reduction for AsP 3 suggests that the LUMO of AsP 3 is lower in energy than the LUMO of P 4 by approximately 10 kcal mol −1 . The calculated molecular orbitals for P 4 and AsP 3 show that the LUMO of AsP 3 is lower in energy by 4.9 kcal mol −1 (Figure 2 ). Scanning anodically from the rest potential, no observable oxidation events are initially observable in the solvent window of the experiment. Upon reduction however, both the AsP 3 and P 4 solutions show a single oxidation wave. Repeated scanning causes the oxidation events to grow in intensity and shift slightly in potential, suggesting that they are a result of electropolymerization or some other complicating process. The observed stabilization of the AsP 3 LUMO renders reduction chemistry more facile and is certainly a contributor to the enhanced reactivity of AsP 3 as compared to P 4 . Closer scrutiny of the molecular orbital diagrams of AsP 3 and P 4 gives additional insight into the differences of these two related molecules ( Figure 2 ). We find that the HOMO-LUMO energy gap of AsP 3 is smaller in magnitude by 0.40 eV as compared to that for P 4 (Figure 2 ). The lower energy HOMO-LUMO gap of AsP 3 is manifest experimentally in the 31 P NMR spectrum. Based on the electron density distribution in AsP 3 , it might be expected that the presence of the more electropositive As atom would increase the electron density at the phosphorus nuclei causing the remaining three phosphorus atoms to be more shielded and resonate at higher field relative to P 4 . This, however, is not the case. In benzene solution, P 4 resonates at −520 ppm in the 31 P NMR spectrum while the phosphorus atoms of AsP 3 resonate at −484 ppm. A decomposition of the NMR shielding terms, as calculated with ADF, 20, 21 reveals that the paramagnetic shielding term is the dominant contributor to the chemical shift ( Table 1) .
The paramagnetic shielding term of AsP 3 is more negative by approximately 40 ppm. This decrease in the paramagnetic term arises from greater coupling of the virtual and occupied orbitals due to the decrease in the HOMO-LUMO gap (HLG). 22 Thus, it is the HLG, not the electron density at P, that is responsible for the observed chemical shift difference between P 4 and AsP 3 . An additional electronic property of note for comparison between P 4 and AsP 3 is the degree of spherical aromaticity harbored by these clusters. 23 Hirsch and coworkers have previously applied the concept of spherical aromaticity to a variety of T d cage molecules including P 4 by calculating the nucleus-independent chemical shift (NICS) at the cage critical point. 23, 24 The NICS value for P 4 is known by this method to be large and negative, indicative of spherical aromaticity and large diamagnetic ring currents in the cluster. Following location of the cage critical points in P 4 and AsP 3 , we find that the NICS value calculated for P 4 , −59.444, is only one unit more negative than that found for AsP 3 , −58.230. This indicates that despite the lowering in molecular symmetry upon going from P 4 to AsP 3 , a great deal of spherical aromaticity is retained. The retention of spherical aromaticity is partially due to the fact that AsP 3 , like P 4 , maintaintains closed shell ζ and π subsystems resulting in symmetrically distributed angular momenta ( Figure 2 ). 24
That the degree of spherical aromaticity in AsP 3 is not diminished relative to P 4 implies that the presence of the single As atom does not greatly perturb the charge distribution. There are two limiting views of the charge distribution in AsP 3 : one view is that AsP 3 contains an As 3+ ion supported by a P 3 3− unit, while an alternative view is that AsP 3 contains neutral P atoms and a neutral As atom. Calculations using the AIM method have suggested that the phosphorus atoms of AsP 3 harbor a very slight negative charge of -0.04 e and the arsenic atom makes up the balance, having a slight positive charge of +0.12 e. Table 2 compiles the charge descriptions given by the AIM method, as well as the Hirshfeld and Voroni Deformation Density methods. 25, 26 All three methods give generally good agreement of the assigned charges and support the description that AsP 3 contains a neutral As atom and three neutral P atoms. This charge distribution informs our description of AsP 3 as a soluble, molecular combination of these two elements. This analysis is in agreement with more simple interpretations based on Pauling electronegativities (P, 2.19 and As, 2.18), as well as with more complicated theoretical descriptions (Supporting Information Figure 1S ). 27, 28 In order to obtain a more quantitative depiction of the As-P and P-P bond energies in AsP 3 , we investigated the heats of atomization of AsP 3 , As 2 P 2 , As 3 P, P 4 , and As 4 , in order to calculate average bond energies for these species. 27 Bond energies are computed as an energy difference between the molecule and the single atoms. The individual atoms are computed as spherically symmetric and spinrestricted. 29 In order to accurately represent the true atomic ground state, we calculated the fragment energy of a single P atom with three α spins ( 4 S ground state). 29 After correction for the true atomic ground state and for the zero point energy of the molecule, we obtained reliable and accurate heats of atomization as shown in Table 3 . 28 These data permit estimation of the bond dissociation energies; for example, the P 4 molecule is composed of six P-P bonds, so division of the heat of atomization of P 4 by six gives an estimate of the P-P bond energy. 27 Our calculations put the P-P bond energy of P 4 at 47 kcal mol −1 , which compares favorably with the 47 kcal mol −1 obtained from experimental values. 30 Using this energy for the P-P bonds, we can extend our method to AsP 3 . Following subtraction of 3 P-P single bond energies from the heat of atomization we computed for AsP 3 , we are left with 3 As-P bonds; with an estimated bond dissociation energy of 41 kcal mol −1 each. Similarly, the As-As bonds of As 4 were found to have bond dissociation energies of 36 kcal mol −1 . Keeping the P-P and As-As bond energies constant, extraction of P-As bond energies from the heats of atomization of As 2 P 2 and As 3 P
give the same value of 41 kcal mol −1 ( Table 3 ). In summary, our calculations indicate that the As-P bonds of AsP 3 are 6 kcal mol −1 weaker than the P-P bonds of P 4 (and 5 kcal mol −1 stronger than the As-As bonds of As 4 ). This is in agreement with our observations of the enhanced reactivity of these bonds (vide infra) relative to P 4 as well as reported values for typical P-P, P-As, and As-As single bond strengths. 31
From the calculated values for heats of atomization and the known heats of formation of the As and P atoms at 0 K, we are able to extract estimated heats of formation at 0 K for As n P 4-n by summation of the experimental heats of formation of the constituent atoms followed by subtraction of the calculated heats of atomization ( Table 3 ). As would be expected, there is a monotonic increase in the standard heats of formation with increasing n (Table 3, Figure 3 ). This trend in heats of formation begins to shed light on the thermodynamic stability of these tetrahedral pnictogen molecules and shows that upon increasing the arsenic content there is a significant price to pay for formation of As n P 4-n from the elements in their standard states. reducing conditions. In looking at such a class of reactions we hope to compare the reactivity patterns of P 4 and AsP 3 in light of their contrasting physical and electronic properties as elucidated in the theoretical studies.
Thermolysis of AsP 3 .
Amorphous red phosphorus was first obtained in 1848 by heating P 4 in the absence of air for several days at high temperatures, and is now made on a commercial scale of 7000 tons per year by a similar thermal conversion process. 2 Red phosphorus is much less toxic and much less reactive than monomeric white phosphorus and it is extensively used in the production of matches, flame retardants, and phosphide materials for semiconductor applications. 2 Semiconductor applications account for a majority of red phosphorus consumption, with aluminum phosphide production accounting for over 24% of the total consumption. Much of this aluminum phosphide is further alloyed with species such as gallium arsenide to tune the semiconductor band gap. 1, 2 Polymeric forms of P/As alloys are exceedingly rare. 33, 34 Intrigued by the possibility of a "red AsP 3 " phase wherein one out of every four sites in red P would be occupied by an As atom, we subjected AsP 3 to the same conditions under which P 4 converts to red P. Heating a sealed tube containing white AsP 3 to 300 ºC for 36 h resulted in apparent segregation of the elements, producing amorphous metallic arsenic and amorphous red phosphorus, as determined by Raman spectroscopy (diagnostic for red P 35 ), powder XRD analysis (diagnostic for amorphous metallic As 36 Thermal decomposition of AsP 3 to the elements is quite surprising and the mechanism by which this occurs is not known. One possibility is that under thermal conditions four molecules of AsP 3 disproportionate to give rise to three molecules P 4 and one molecule of As 4 , which themselves then revert to red phosphorus and metallic arsenic. From our calculated heats of formation ( Figure 2 ), we can get an estimate for the heat of disproportionation of four molecules of AsP 3 to give three molecules of P 4 and one molecule of As 4 . In so doing we find that the process is downhill by 7.42 kcal mol, suggesting that the kinetic stability of AsP 3 is quite important in its isolability, as thermodynamically it is only metastable. An alternative mechanism might involve the formation of "red AsP 3 ", which is not itself thermally robust, reverting to red phosphorus and metallic arsenic. It may be speculated that an alternative to the thermal pathway may yet be successful in leading to a red polymeric form of AsP 3 , and preliminary studies on AsP 3 polymerization by radical initiators and UV light are under way.
Coordination chemistry of AsP 3 .

Scheme 2
In our initial report on the facile synthesis of AsP 3 we used the complex (μ-N 2 )[Mo(CO) 3 (P i Pr 3 ) 2 ] 2 to complex the AsP 3 tetrahedron and to provide a structural glimpse of the intact tetrahedron (Scheme 2, i). 3 Unfortunately, the AsP 3 adduct, (AsP 3 )Mo(CO) 3 (P i Pr 3 ) 2 was unstable above 0 ºC and for that reason was difficult to work with. Additionally, accurate determination of the As-P interatomic distances in (AsP 3 )Mo(CO) 3 (P i Pr 3 ) 2 was hampered by a 70:30 disorder between the As atom and one of the two non-complexed P atoms in the tetrahedron. Thus, we sought to synthesize a more thermally stable adduct of AsP 3 and hoped to obtain accurate metrical parameters from an ordered crystal structure.
The precursor FeCp*(dppe)Cl, which had been reported to form a stable P 4 adduct, 37 has allowed us to realize this goal. Treatment of dark green FeCp*(dppe)Cl with 1 equiv of AsP 3 (Table 1S ). The solid-state structure of 1 is consistent with the solution-state configuration of the AsP 3 unit as assigned by NMR spectroscopy (Supporting Information Figure 2S ). The P12-As1 and P12- are the effect of rehybridization that occurs upon AsP 3 binding to the Fe center, producing greater 3s character in the bonding molecular orbitals of this four-coordinate phosphorus atom. It is noteworthy that the Fe1-P12 interatomic distance of 2.172(2) Å is significantly shorter than the Fe-phosphine bond distances at 2.233(2) Å and 2.242(2) Å.
As-P bond cleavage reactions.
The estimated 6 kcal mol −1 difference in energy between the As-P bonds and the P-P bonds in AsP 3 suggests that reactions resulting in selective As-P bond cleavage may be possible. Several systems are known to promote radical opening of the P 4 tetrahedron to produce substituted tetraphosphabicyclobutane structures. A noteworthy example of this reaction type was reported by Scheme 3
•P(N( i Pr) 2 )N(SiMe 3 ) 2 , which was shown to activate P 4 to produce the corresponding 1,4bis(phosphido)tetraphosphabicyclobutane. 38 While activation of P 4 by (P(N( i Pr) 2 )N(SiMe 3 ) 2 ) 2 requires somewhat harsh conditions (refluxing in toluene for 1.5 h), the corresponding reaction with AsP 3 is rapid at room temperature. Upon mixing (P(N( i Pr) 2 )N(SiMe 3 ) 2 ) 2 with 1 equiv of AsP 3 in toluene the initially colorless reaction mixture turns bright yellow. NMR spectroscopic analysis of the crude reaction mixture shows clean and quantitative conversion to AsP 3 (P(N( i Pr) 2 )N(SiMe 3 ) 2 ) 2 (set of isomers), 2, in which a single As-P bond has been selectively cleaved, as assigned by 31 P NMR spectroscopy (Scheme 3, i and Figure 3S ). Recrystallization of the crude reaction mixture from nhexane/Et 2 O gave crystalline 2 in 88% yield. X-ray crystallographic analysis on a single crystal of 2 confirmed the selective As-P bond cleavage as shown in Figure 6 and Table 2S . The geometrical parameters of the arsatriphosphabicyclobutane core of 2 are nearly isomorphous with the all-phosphorus analog as reported by Lappert and coworkers. 38 A discussion of accurate P-P and As-P bond lengths is precluded by disorder in the crystal structure of 2. Notably, there is a positional disorder of As1 and P1, but there is no As component to the P2 or P3 positions. 3 , and 3-AsP 3 (Scheme 3, ii). This equilibrium was studied by 31 P NMR spectroscopy at a variety of concentrations and temperatures. In all cases the equilibrium favored the reactants, with 3-AsP 3 never accounting for more than 30% of the reaction mixture ( Figure 4S, 14S, 15S ). 44 The analogous reaction with P 4 likewise gave an equilibrium mixture, but the 1,4-bis(metallo)tetraphosphabicyclobutane product, P 4 (Ti(N[ t Bu]Ar) 3 ) 2 , 3-P 4 , never accounted for more than 5% of the reaction mixture under identical conditions. Although no intermediates were detected in these equilibria, the systems did not conform to the simple equilibrium expression, K eq = The activation of white phosphorus by early-transition-metal complexes has been a prolific area of investigation in recent years. [45] [46] [47] [48] Included among these are niobium complexes bearing three monoanionic ligands. This class of complexes has given rise to a wide array of P n ligands (n = 1 -8). 3 coincident, but the corresponding 13 C NMR spectroscopic features are distinct and reveal that the reaction cleanly forms 5-As and 5-P in a 1:3 ratio ( Figure 6S ). Interestingly, it was found that in 1:1 competition experiments of AsP 3 and P 4 with Mo(N[ t Bu]Ar) 3 , there is no selectivity for reaction with AsP 3 over P 4 ( Figure 16S ). This is a striking example of a reaction in which AsP 3 does not give enhanced reactivity over P 4 , and is an interesting case. The reaction of AsP 3 with Mo(N[ t Bu]Ar) 3 gives us clear proof that AsP 3 functions experimentally as a soluble source of As 0 and P 0 and also provides motivation for future studies in the synthesis of precise 3:1 mixtures of metal phosphides and metal arsenides for materials applications. [56] [57] [58] Formation of cyclo-E 3 complexes (E = As, P), As 2 P 2 , and As 3 P.
Our original synthesis of AsP 3 involved treatment of an anionic niobium cyclo-P 3 complex with AsCl 3 to obtain the tetraatomic tetrahedron. Since that discovery, we have been interested in preparing other anionic cyclo-E 3 compounds, in particular an anionic cyclo-As 2 P complex. Such a species could, in principle, be used to synthesize the previously unexplored tetraatomic interpnictides As 2 P 2 and As 3 P by treatment of the cyclo-As 2 P derivative with the appropriate ECl 3 reagent (E = P, As). Strides in this direction have been made by investigating the reaction between AsP 3 and Cl 2 Nb(ODipp) 3 in the presence of a reducing agent. 3, 59 Combining AsP 3 with Cl 2 Nb(ODipp) 3 3 ], 6-As 3 , over the course of 30 min. Evidence for formation of 6-P 3 , 6-AsP 2 , and 6-As 2 P in a 10:5:1 molar ratio (76% yield from Cl 2 Nb(ODipp) 3 ) is provided by the clean appearance of three singlets in the 31 P NMR spectrum of the crude reaction mixture, spaced as expected for sequential
As-doping of the cyclo-P 3 complex (vide supra) at −206 (6-P 3 ), −167 (6-AsP 2 ), and −132 ppm (6-As 2 P) ( Figure 7S ). From the considerable concentration of the unexpected 6-As 2 P (and from subsequent analysis, vide infra), we propose that 6-As 3 is also present in low concentration. Treatment of this crude reaction mixture with AsCl 3 with the exclusion of light rapidly generated a reaction mixture containing Cl 2 Nb(ODipp) 3 (THF) and the tetraatomic interpnictides AsP 3 , As 2 P 2 , As 3 P, as well as As 4 (Scheme 6). 60 The presence of the four tetrahedral molecules is confirmed by 31 P NMR spectroscopy and by GC-MS ( Figure 7 and Figures 8S -13S ). It is of note that the ratio of As to P atoms in the final product mixture is 1 to 1.6, which is very near the 1 to 1.3 ratio that we would expect (¾ AsP 3 + AsCl 3 ) over the course of the two reactions. This is an important observation that implies that there is no selective loss of As or P atoms during the synthesis. We are currently investigating alternative syntheses of As 2 P 2 and As 3 P for exploration of these molecules as pure substances. (PN( i Pr) 2 N(SiMe 3 ) 2 ) 2 , 41 and FeCp*(dppe)Cl, 40 were synthesized according to reported methods. All glassware was oven-dried at temperatures greater than 170 °C prior to use. NMR spectra were obtained on Varian Inova 500 instruments equipped with Oxford Instruments superconducting magnets and referenced to residual C 6 D 6 ( 1 H = 7.16 ppm, 13 3 ], s, 0.0198 mmol, 5% yield). The total yield of 6-P 3 , 6-AsP 2 , and 6-As 2 P is 76% based on Cl 2 Nb(ODipp) 3 , which is consistent with the yields obtained for the synthesis of 6-P 3 from P 4 . 3 The NMR tube was returned to the glove box and its contents were taken to dryness. The resulting residue was dissolved in 5 mL of THF and the solution was frozen in the cold well. were collected on a Siemens Platform three-circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) performing φ and ω scans. A semiempirical absorption correction was applied to the diffraction data using SADABS. 63 The structures were solved by direct methods using SHELXS 64 and refined against F 2 on all data by fullmatrix least squares with SHELXL-97. 65 All non-H atoms were refined anisotropically. All H atoms were included in the models at geometrically calculated positions and refined using a riding model. The isotopic displacement parameters of all H atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups). All disorders were refined within SHELXL with the help of rigid bond restraints as well as similarity restraints on the anisotropic displacement parameters for neighboring atoms and on 1,2-and 1,3-distances throughout the disordered components. The relative occupancies of disordered components were refined freely within SHELXL. Further details are available in the Supporting Information (Table S1 and Cohen used with Lee, Yang, and Parr's nonlocal correlation function (LYP). [66] [67] [68] In addition, all calculations were carried out using the zero-order regular approximation (ZORA) for relativistic effects. [69] [70] [71] The basis sets used were quadruple-ζ with four polarization functions (QZ4P) for As and P in the calculation of E 4 tetrahedra (E = As, P) and triple-ζ with two polarization functions (TZ2P) for all other calculations, as supplied with ADF. Chemical shielding tensors were calculated for the 31 P nuclei in the optimized structures by the GIAO method using the ADF package. [72] [73] [74] [75] The functionals, basis sets, and relativistic approximations used were the same as those described above. The isotropic value of the chemical shielding was converted to a chemical shift downfield of 85% phosphoric acid using P 4 , white phosphorus, as a computational reference; the computed absolute shielding value of P 4 was correlated with a chemical shift equal to its experimental value (−520 ppm) in dilute benzene solution. 76 For zeropoint energy corrections, frequencies calculations were computed using optimized structures as described above.
(77) CIF files are available from the Cambridge Crystallographic Database under deposition numbers 730555 (2) and 730556 (1).
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